Introduction
Perovskites are fundamentally and technologically important because of the wide variety of phenomena they show, e.g. high-T C superconductivity, colossal magnetoresistance (CMR), mixed electron and oxygen ion conductivity, and rich magnetic behaviors. These properties are often determined by cation or anion ordering in perovskite superstructures. For instance CMR in Sr 2 FeMoO 6 depends on the long-range Fe/Mo ordering in the B-cation sublattice. [1] Anion vacancies promote ionic conductivity, and when variable cation oxidation states provide electronic conductivity, then useful mixed conductors for solid-oxide fuel cells (SOFC) anodes may result, e.g. (La 1-x Sr x )(Cr 1-y M y )O 3-δ (M = Mn, Fe, Co, Ni). [2] Further structural variety results from mixed cubic and hexagonal stacking sequences, for example, 6H, 8H, 10H, and 15R, hexagonal BaMnO 3-δ polytypes
show a correlation between the stacking sequence and magnetic ordering transition temperature. [3] SrCr 1-x Fe x O 3-y perovskites are of potential interest as mixed conductors or as possible CMR analogues of Sr 2 FeMoO 6 for x = 0.5. Previous studies have shown that the SrCr 1-x Fe x O 3-y system is complex. Gibb and Matsuo initially identified three polytypes depending on synthesis conditions: a cubic perovskite, a 15R (15- layer rhombohedral) material with oxygen contents 2.68-2.78, and an orthorhombic phase. [4] Structural models were not obtained for the latter two phases, but subsequent Mössbauer and EXAFS spectroscopy studies showed that Fe 3+ is present in several oxygen coordinations. [5, 6] A recent neutron pair-distribution function study of an x = 0.75 cubic sample revealed that the local structure is described well in a brownmillerite-type framework. [7] During a recent proof-of-concept demonstration of "hard-soft" chemistry, a new SrCrO 2.8 phase was prepared by "soft" low temperature reduction of the perovskite SrCrO 3 , which had been synthesized under "hard" high pressure and temperature conditions. [8] SrCrO 2.8 was discovered to have a 15R superstructure with an all cubic (ccc′cc) 3 stacking sequence, where c′ is an oxygen deficient layer, like that in Ba 5 MnNa 2 V 2 O 13 , [9] rather than a mixed cubic (c) and hexagonal (h) sequence as reported in other 15R materials; (hhchh) 3 e.g. in BaMnO 3 [3] or (chchc) 3 e.g. in SrMn 1-x Fe x O 3-δ . [10] Attempts to stabilize SrCrO Powder X-ray diffraction characterization was performed with a Bruker AXS D2 Phaser instrument equipped with Cu Kα radiation. The x = 0.5 sample was studied further using synchrotron X-ray and neutron diffraction.
Room temperature synchrotron data were recorded at the I11 beamline of the Diamond Light Source, with wavelength λ = 0.8273 Å. [11] Time-of-flight neutron powder diffraction patterns were collected at instrument HRPD on the ISIS spallation source in the 4-400 K temperature range in 10 K intervals and normalized with
MantidPlot.
[12] Rietveld and magnetic symmetry analyses were performed using Fullprof Suite including BASIREPS for magnetic symmetry analysis. [13, 14] Magnetic properties were measured with a commercial SQUID magnetometer (MPMS, Quantum Design) under zero field cooled (ZFC) and field cooled (FC) conditions in the 2-400 K temperature range with a 0.5 T applied field. Four-point resistivity measurements were performed in a closed-cycle cryostat. conditions. The 15R superstructure is not observed in samples with x ≥ 0.7, and a disordered Pm3m cubic perovskite structure with a single peak at 2θ ≈ 32° is obtained, as reported for SrFe 0.75 Cr 0.25 O 3-y . [7] Cell parameters of the 15R phase at 300 K were obtained by fitting a SrCrO 2.8 -type model in space group and are shown in Table 1 . The increase in lattice parameters and volume withx is consistent with the larger size of
Results
Fe ions compared to Cr. [15] 
show that the spin order is ferri-or weakly ferromagnetic. Coercive fields of up to 0.14 T for the x = 0.6 sample show that the uniaxial 15R-SrCrO 2.8 -type structure creates significant magnetic anisotropy. There are insufficient data above T C to verify this change for the x = 0.5 sample, and all measured x = 0.6 resistivities are in the magnetically ordered regime. [8] The final structural parameters from the combined 300 K synchrotron and neutron refinement and from a fit to HRPD neutron data at 4 K are summarized in (Figure 6b ).
Sr2 and O2 sites in the c′ layer were initially refined on their ideal 3a and 6c sites, but anomalous thermal displacement factors were observed, with a large ab-plane amplitude from anisotropic refinement. This evidence some local disorder in the oxygen-deficient c′ planes, so these atoms were respectively displaced from ideal positions to split 18f and 18h sites as shown in the tetrahedral M1 sites are chromium rich (83% Cr), whereas the M2 octahedra in the adjacent layers are iron rich (81% Fe) and the central M3 octahedra are close to a statistical 50% Cr/50% Fe ratio. Bond valence sums (BVS) [17] for the three M cation sites were calculated from the 300 K M-O bond distances using a standard interpolation method [18] These peaks are indexed by two magnetic propagation vectors, k 1 = (0 0 0) and k 2 = (0 0 3/2). The intensities of the k 1 and k 2 reflection sets evolve similarly with temperature and both vanish at ≈260 K, implying that their irreducible representations (irreps) are strongly coupled. [19] The possible irreps and basis vectors for k 1 = (0, 0, 0) and k 2 = (0, 0, 3/2) propagation vectors applied to the space group are shown in Table 4 . 
Discussion
The present results confirm that the 15R phase reported in the SrCr 1-x Fe x O 3-y system [5, 6] is isostructural with SrCrO 2.8 , recently discovered through hard-soft reduction of SrCrO 3 . [8] This has an unconventional structure for a reduced cubic-type AMO 3-δ perovskite as the oxygen vacancies are formed in (111) planes, rather than the normal mechanism of (100)-plane deficiency found e.g. The 15R-SrCrO 2.8 -type structure can tolerate small excess oxygen deficiencies. Oxygen vacancies were reported at the O3-sites, using the structural setting of [22] The previous study of SrCr 1-x Fe x O 3-y showed that the oxygen content of the 15R phase varies between 2.7 and 2.8. [4] With knowledge of the structure type, this reveals a corresponding variation of the average charge at the M2 sites (which are coordinated by O3) between +3 and +3.5. The lower limit is likely to be achieved by creation of 8.3% vacancies at the O3-sites -these were not evidenced in the present neutron study of an x = 0.5 sample, although the BVS for the M2 site suggests that the oxidation state is lower than 3.5. The segregation of Cr/Fe over M1 and M2 sites evidenced by the neutron results in Table 3demonstrates that the 15R superstructure is formed at relatively high temperatures, where Cr/Fe-cation mobility is significant.
Cr preferentially occupies the M1 sites, in keeping with the relative stabilities of Cr 4+ and Fe 4+ under reducing conditions. However, it is surprising that the M2 site which tends to stabilize more highly charged cations than M3 is predominantly occupied by Fe, while M3 has a near-statistical Cr/Fe mixture.
The x ≈ 0.4 lower limit found for the SrCrO 2.8 -type phase in this study of the SrCr 1-x Fe x O 3-y system is a solidsolubility boundary, as coexistence with the ternary Sr 3 Cr 2 O 8 phase is observed for lower x compositions.
High pressure synthesis, perhaps with subsequent low temperature reduction (hard-soft synthesis), might be used to extend the lower limit of the 15R phase down to the previously reported x = 0 composition. The 15R structure changes to a disordered cubic perovskite at an x ≈ 0.7 upper limit, without the apparent coexistence of the two phases. This implies that an order-disorder transition exists between the two structures, and hence that the oxygen-deficient double tetrahedral layers may be predominant locally extended defects in the disordered materials. This is corroborated by a recent neutron pair-distribution function study of a disordered x = 0.75 sample, which reported that the local structure is described by a brownmillerite-type arrangement. [7] The brownmillerite-type has equal amounts of octahedrally and tetrahedrally coordinated Fe cations so it has a similar coordination distribution to the SrCrO 2.8 -type which has 40% tetrahedral and 60% octahedral sites. anodes. [23] The present Sr(Cr 1-x Fe x )O 3-y materials were prepared at high temperature and low oxygen partial pressure conditions similar to those of working SOFC anodes (although the latter are typically exposed to more reducing atmospheres). Hence, the local structures may be similar to those in the 15R-SrCrO 2.8 -type
materials. An unusual feature of this structure type is that oxygen vacancies are highly segregated -one-third of the oxides are missing from every fifth cubic (111)-type layer, while the other four layers are pristine. This local concentration of vacancies within the reconstructed c′ SrO 2 layers is likely to facilitate oxide ion migration in these planes. Hence, the formation of extended but not long-range-ordered c′-like defect layers may be responsible for the high oxide ion conductivity associated with doped Cr-perovskites.
The 15R-SrCr 1-x Fe x O 3-y samples order magnetically with Curie temperatures that increase from 225 to 342 K as x changes from 0.4 to 0.6. These values are comparable to the 272 K magnetic ordering temperature of 15R-SrCrO 2.8 , [8] but a much higher value of 565 K was reported for the disordered cubic x = 0.75 sample. [7] Such high spin ordering temperatures are notable given the Cr/Fe disorder present, but similar magnitudes are reported in related cation-disordered perovskites, e.g. up to 480 K in SrCr x Ru 1-x O 3 perovskites. [24] The spin order determined from the neutron diffraction study of the x = 0.5 sample has two contributions with different propagation vectors, as shown in Figure 6 . Figure 3 and Table 1 . The two magnetic modes are strongly coupled and both display the same critical behavior, as shown in Figure 7 .
The refined magnetic moments at 4 K for M1, M2, and M3 sites are respectively 1.0 ( These 15R materials order magnetically close to room temperature, and the magnetic structure for an x = 0.5 sample has both antiferromagnetic and ferromagnetic modes present. Observed reductions and canting of moments are consistent with a simple disorder model that reflects local variations of exchange interactions due to Cr/Fe disorder.
